The asymmetry of the cranium mainly results from distortion of the frontal bones, which depends on eye migration during metamorphosis. However, it is unclear how the upmigrating eye causes distortion of the frontal bones. In this study, we first show that distortion of the frontal bones during metamorphosis in Paralichthys olivaceus is the result of cell apoptosis, rather than cell autophagy or cell proliferation. Secondly, we report that cell apoptosis in the frontal bones is induced by the mechanical force transferred from the up-migrating eye. The mechanical force from the up-migrating eye signals through FAK to downstream molecules that are integrated into the BMP-2 signal pathway. Finally, it is shown that cell apoptosis in the frontal bones is activated by the intrinsic mitochondrial pathway; the extrinsic death receptor is not involved in this process. Moreover, cell apoptosis in frontal bones is not induced directly by thyroid hormones, which are thought to mediate metamorphosis in flatfishes and directly mediate cell apoptosis during amphibian metamorphosis. These Abbreviations: AEC, 3-amino-9-ethyl carbazole; Apaf-1, apoptosis protease activating factor-1; BAX, bcl-2 associated X protein; BMP-2, bone morphogenetic protein 2; BrdU, 5′-bromodeoxyruidine; BSA, bovine serum albumin; Col10a1, collagen type l0 alpha 1; cDNA, complementary deoxyribonucleic acid; cRNA, complementary ribonucleic acid; DAH, day after hatching; DIG, digoxigenin; DNA, deoxyribonucleic acid; dNTP, deoxyribonueleoside triphosphate; FAK, focal adhesion kinase; FASL, Fas ligand; MAP1-LC3B, microtubule-associated protein 1 light chain 3 beta; M-MLV, moloney murine leukemia virus; mRNA, message ribonucleic acid; MS 222, tricaine methanesulfonate; PBS, phosphate-buffered saline; PBST, phosphate-buffered saline tween; PBSTX, phosphate-buffered saline plus 1% Triton X-100; PCR, polymerase chain reaction; PFA, paraformaldehyde; RAS, rat sarcoma GTPase; RAF, mitogen-activated protein kinase kinase kinase; RNA, ribonucleic acid; TNFR1, tumor necrosis factor receptor-1; TdT, terminal deoxynucleotidyl transferase; TUNEL, TdT-mediated dUTP nick-end labeling * Corresponding author.
Introduction
Most vertebrates exhibit a distinct left/right asymmetry of some internal organs, while appearing bilaterally symmetrical from the exterior. Flatfish (Pleuronectiformes), however, are unusual in their asymmetrical external appearance, and the left/right asymmetry of adult flatfish is remarkable given the perfect symmetry of the larval fish (Chen et al., 2014; Munroe, 2005) . Their best-known change is the migration of their eyes: one eye migrates from one side of the head to the other (Schreiber, 2013) . It is widely accepted that cranial asymmetry involving several bones, including the frontal bone, lateral ethmoid, and pseudomesial bar (in some species), is responsible for eye migration during metamorphosis (Brewster, 1987; Okada et al., 2001 Okada et al., , 2003a Wagemans et al., 1998) . However, the actual identity of the pseudomesial bar is not clear (Frazzetta, 2012) . The bar was suggested to be a special anterior flange of the frontal bones that forms only on the ''blind side'' of the flatfish (Hoshino, 2006) , or that it is formed by the fusion of parts of the lateral ethmoid and frontal bones on the flatfish blind side (Saele et al., 2006a) , or is ossified from the "skin thickness" immediately below the movable eye (Okada et al., 2001 (Okada et al., , 2003a (Okada et al., , 2003b ; however, it is universally accepted that the frontal bone is definitely involved in this process (Brewster, 1987; Okada et al., 2001; Sasaki and Yamashita, 2003; Wagemans et al., 1998) . Schreiber (2006) indicated that asymmetrical skull development alone is insufficient for eye migration in Southern flounder (Paralichthys lethostigma). Dense cell populations of fibroblasts ventral to the eye in Atlantic halibut (Hippoglossus hippoglossus) were observed by Saele et al. (2006b) and these were postulated to be related to eye migration. More evidently, by microinjecting colchicines (inhibitors of cell proliferation) into the suborbital area of the blind side in three species of flatfish (Solea senegalensis, Cynoglossus semilaevis, and Paralichthys olivaceus), we showed in our previous study that not only is the initial migration of the eye caused by cell proliferation in the suborbital tissue of the blind side, but also the twisting of the frontal bone is dependent on eye migration, providing a chronological sequence of eye migration and cranial asymmetry (Bao et al., 2011) . Moreover, through investigating eye proportions on the vertical axis to the transverse axis in 20 species of adult flatfish, it is further revealed that the movable eye was pushed by proliferating cells in the suborbital tissue, and not pulled, during metamorphosis (Li et al., 2013) .
During the early twentieth century, Kyle (1921) proposed that asymmetry of the cranium resulted from a distortion of the frontals caused by the migrated eye. Saele et al. (2006b) also believed that the remodeling of frontal bones is a result of eye migration. However, it is unclear how deformation of frontal bones is induced by the up-migrating eye, and causes deformation of frontal bones thereafter. It can be observed that once the eye starts to migrate upward, the cells in the frontal bone, such as osteoblastic cells, experience a mechanic force transferred from the up-migrating eye, and this might induce cell apoptosis in the frontal bones causing the "twisted" appearance. It is likely that deformation of the frontal bones might facilitate the smooth upward movement of the eye.
It has been well demonstrated that mechanical stimulation can cause bone remodeling (Andreassen et al., 2001 ). FAK, a cytoplasmic protein tyrosine kinase, has been reported to play an important role in integrin-mediated signal transduction pathways (Alahari et al., 2002; Wong et al., 2012) . FAK interacts with the large conductance calcium-activated hSloK + channel in focal adhesion complexes of human osteoblasts (Rezzonico et al., 2003) . GTPases, such as RAS and RAF, have been shown to be activated by mechanical strain in osteoblast-like cells (Fan et al., 2006) . The BMP-2-induced signaling pathway leads to the expression of three osteogenic master transcription factors (Lee et al., 2003) . Mechanical stimulation can strengthen BMP-2 signal pathways, thereby inducing bone cell apoptosis (Hyzy et al., 2012; Kopf et al., 2012) . Cell apoptosis in frontal bones during metamorphosis in P. olivaceus was detected in our previous study (Bao et al., 2006) . In the present study, we investigate expression changes of these genes in the frontal bones associated with mechanical sensors and cell apoptosis during eye migration in P. olivaceus to further understand the exact relationship between eye migration and deformation of frontal bone. In addition, in this study, thyroid hormones did not regulate the deformation of frontal bones directly, even though they are regarded to completely mediate flatfish metamorphosis (Inui and Miwa, 1985; Miwa et al., 1988; Schreiber and Specker, 1998) .
Materials and methods

Fish maintenance
P. olivaceus (Paralichthyidae) larvae were cultured in Huanghai Fisheries Farm (Haiyang, Shandong, People's Republic of China), as reported in other studies (Bao et al., 2005) . Larvae were reared at 18-20°C and fed live brine shrimp (Artemia) nauplii until the end of metamorphosis. According to other references (Minami, 1982) , the normal metamorphic stages were defined in this study as follows: pre-metamorphosis (the stage prior to the start of eye migration) is represented by 17 DAH; stage E (the eye begins to migrate) is represented by 19 DAH; stage F (the migrating eye is visible from the ocular side) is represented by 21 DAH; stage G (the upper edge of the migrating eye is beyond the dorsal margin) is represented by 23 DAH; and stage H (the upper edge of the migrating eye is beyond the dorsal mid-line) is represented by 25 DAH.
2.2.
Microinjection with colchicine
To inhibit eye migration, colchicine, an inhibitor of cell proliferation, was microinjected into the suborbital area of the blind side several days before putative initial eye migration (Bao et al., 2011) . To this end, 80 nL of colchicine at 80 µg/mL in 0.75% NaCl solution was injected into the suborbital area of the anesthetized larvae. The same volume of 0.75% NaCl solution was injected in control larvae. The injected larvae were reared in a 4 L tank using previously described rearing conditions. There were 300 individuals in each of the experimental and control groups. We injected the solutions every 2 days from 16 to 24 DAH. In total, 54 individuals with symmetric eyes in the experiment group and 102 normal individuals in the control group survived at 32 DAH.
Skeletal staining
Larvae and juvenile fish were fixed in 4% PFA for at least 24 hours. Alcian blue 8GX (Amresco, Solon, OH, USA) was used for cartilage staining, and alizarin red S (Amresco) was used for bone staining. Detailed staining procedures followed Gavaia et al. (1999) .
RNA whole mount in situ hybridization
Total RNA was extracted from P. olivaceus larvae and reverse transcribed using M-MLV reverse transcriptase following manufacturer's instructions (Promega, Madison, WI, USA). The resulting cDNA was submitted to PCR with primer combinations shown in Table 1 , using the following PCR reaction conditions: 95°C for 5 minutes followed by 40 cycles of 95°C for 1 minute, annealing temperature for 1 minute, and 72°C for 1 minute, and a final extension at 72°C for 5 minutes. PCR products were purified using DNA Gel Extraction Kit (AXYGEN, Tewksbury, MA, USA), and cloned into the pGEM-T easy Vector system (Promega) following manufacturer's instructions. The validity and orientation of the cloned products within the plasmids were confirmed by sequencing. Multiple sequence alignments were generated for each gene clone and their related sequences available in the GenBank using Clustal W2 software (The European Bioinformatics Institute). Phylogenetic analyses of each multiple protein alignment were conducted with neighbor-joining methods using MEGA v6.0 software (Tempe, AZ, USA) ( Fig. S1) (Tamura et al., 2013) . Both plasmids contained inserts in the same orientation: in frame from the T7 promoter and complementary from the SP6 promoter. Both sense and antisense RNA probes were prepared by in vitro transcription from the T7 and SP6 promoter incorporating digoxigenin UTP (Roche, Mannheim, Germany), and linearizing the plasmid with restriction enzymes NotI or NcoI in conjunction with the T7 or SP6 promoter, respectively. The concentration of each labeled probe was determined by agarose gel electrophoresis, as described in the DIG RNA Labelling Kit (SP6/T7; Roche).
Larvae were fixed in 4% PFA overnight and stored in methanol at 4°C after anesthetization with 0.1 µg/µL MS 222 (SigmaAldrich, St. Louis, MO, USA). The whole mount in situ process hybridization was carried out according to Bao et al. (2005) . Larvae were hybridized at 48-55°C (depending on the length of cRNA probes; shorter probes are fit for lower hybridization temperatures) overnight with 1 ng/µL of cRNA probes in the hybridization solution. The hybridization signal was detected with FAST RED (Roche). Eight micrometers of frozen tissue sections were cut transversely to precisely localize signal sites of gene expression and then photographed under a dissecting microscope SMZ1500 (Nikon, Tokyo, Japan) with NIS-Elements F 3.2 software. No expression signals were found in the control groups with sense probe (Fig. S2 ). Four larval individuals were treated in each group (4 for positive and 4 for negative control), and each treatment was repeated one more time. Once the signal observed in negative control, the data would not be adopted. All treated larvae were examined. The expression pattern in each larva was same. The difference is signal intensity in each larva. Same amount of individuals were used in following experiments such as cell apoptosis, cell 
Cytochemical analysis of whole-mount in situ cell apoptosis
In situ TUNEL assays were conducted according to techniques developed by Cole and Ross (2001) and modified as described in Bao et al. (2006) . Briefly, following fixation, larvae were rinsed in 0.1 M phosphate-buffered saline (PBS), pH 7.4. Next, the fish were bleached with 3% hydrogen peroxide in 25 mM NaOH under strong light and transferred to 2 M HCl at 37°C for 20 minutes for DNA denaturation. After rinsing with 0.5% Triton X-100 in PBST for 1 hour, fish were digested by Proteinase K (67 µg/mL in PBST) at 37°C for 10-20 minutes (depending on the size of fish; smaller fish are more sensitive to proteinase K); then, digestion was terminated by immersing in 4% PFA for 40 minutes to maintain integrity. After washing in 1 × TdT enzyme tag buffer with 0.025% BSA at 37°C for 30 minutes, the larvae were incubated with 50 µL nickend labeling solution (1 × TdT Buffer; 0.1% BSA; 1 × DIG mixture; 0.2 U/µL TdT) at 37°C for 2 hours. Next, fish were incubated at 4°C for 13 hours with antidigoxigenin antibodies conjugated to alkaline phosphatase (Roche). After washing several times with PBST, the hybridization signal was detected with FAST RED. Fish were rinsed in PBS, and 8 µm frozen tissue sections were cut on transverse planes to precisely localize signal sites of cell apoptosis and then photographed under a dissecting microscope SMZ1500. No signal was found in the negative control group without nick-end labeling solution (Fig. S2 ).
2.6.
Cytochemical analysis of whole-mount in situ cell proliferation Larvae were treated with 0.1% BrdU (Sigma-Aldrich) for 8 hours, then 20 larvae were fixed in 4% PFA overnight and stored in methanol at 4°C after anesthetizing with 0.1 µg/µL MS 222. The larvae with no BrdU labeling were treated as negative controls. Whole mount preparations were analyzed for BrdU immunohistochemistry according to techniques developed by Byrd and Brunfes (2001) and modified as described in Bao et al. (2011) . As before, eight micrometer frozen tissue section was cut transversely to precisely localize signal sites of proliferation and then photographed under a dissecting microscope SMZ1500.
2.7.
Dual-color fluorescence detecting TUNEL and in situ hybridization RNA probes were prepared by in vitro transcription from the T7 and SP6 promoter incorporating Biotin RNA Labeling Mix (Roche). Larvae were treated by in situ hybridization as mentioned previously. Before hybridized, larvae were incubated with 50 µL nick-end labeling solution (1 × TdT Buffer; 0.1% BSA; 1 × DIG mixture; 0.2 U/µL TdT) at 37°C for 2 hours. After washing, fish were incubated at 4°C with anti-biotin-FITC (Sigma-Aldrich) and anti-digoxigenin fluorescein/rhodamine (Roche), and then photographed using LSM 710 (BIG) confocal microscope (ZEISS, Jena, Germany).
Whole mount immunohistochemistry
Larvae were fixed in 4% PFA overnight and stored in methanol at 4°C after anesthetizing with 0.1 µg/µL MS 222. Larvae treated with no primary antibody, but with secondary antibodies, were used as negative controls. Whole mount preparations were analyzed for T3, T4 or Caspase-3 immunohistochemistry according to previous reference (Delgado et al., 2006; Ortiz Delgadoa et al., 2006) with modifications. Briefly, following fixation, larvae were administrated MDH solution (methanol: DMSO: 30% H2O2; 4:1:1) for 5-8 hours to inhibit endogen peroxidase activity. After rinsing with methanol several times, the larvae in methanol were transferred to the refrigerator for freezing, then removed and placed at room temperature for thawing. This freeze thaw cycle was repeated four times to expose endogenous antigens. The larvae were rinsed in different ratios of methanol and 0.5% Triton X-100 in PBST. Proteinase K (100 µg/mL in PBST) was used to digest the fish at 37°C for 2 to 4 hours (depending on the size of the fish; smaller fish are more sensitive to proteinase K). The larvae then were rinsed three times with PBSTX for 20 minutes each. Next, 4% PFA was used to fix specimen to maintain tissue integrity, then rinsed three times with PBSTX for 20 minutes each. Nonspecific binding was blocked using blocking solution (Roche) overnight at room temperature. The larvae were incubated with mouse monoclonal anti-T4 or anti-T3 antibody (Fitzgerald, North Acton, MA, USA) or rabbit monoclonal anti-Caspase3 antibody (Abcam, Cambridge, UK) at room temperature for 10 hours. After washing 12 times with PBSTX for 1 hour each, the larvae were incubated with HRP conjugated goat anti-mouse or antirabbit secondary antibody (Santa Cruz Biotechnology, Dallas, TX, USA) at room temperature for 3 hours. Between rinses with PBSTX and PBS, larvae were placed in AEC solution (Amresco) until appropriate staining density was attained. The larvae were terminated by a final two washes in PBS for 10 minutes each. The larvae specimens were treated in 1 M NaOH solution containing 3% H2O2 under bright light for 15 minutes to eliminate pigmentation. After washing with PBS, the specimens were stored in PBS for photography.
Results
Distortion of frontal bones results from cell apoptosis, instead of cell proliferation or cell autophagy
After the start of right eye migration, ossification and deformation of the frontal bones were observed in P. olivaceus through bone staining (Fig. 1A) . The frontal bones were not ossified just after the initial migration of the eye on blind side (Fig. 1A1) . As the eye migrating upwards at stage F, two pieces of frontal bones were separated from each other, and deformation of the frontal bone on the blind side (right side) was more evident than on the other side (Fig. 1A2) . When the upper edge of the migrating eye was beyond the dorsal margin (stage G), deformation of the frontal bone on the blind side became more severe (Fig. 1A3) . Deformation of both frontal bones did not occur when eye migration was completely inhibited by colchicines, which were microinjected into the suborbital area on the blind side (Fig. 1A4) .
To understand the mechanisms underlying deformation of the frontal bones, we investigated cell apoptosis, proliferation, and autophagy of the frontal bones during metamorphosis. In situ detection using TUNEL showed that cell apoptosis was mainly responsible for deformation of frontal bones during metamorphosis in P. olivaceus (Fig. 1B) . At stage E of initial eye migration, cell apoptosis was found in both frontal bones, but more apoptotic cells were identified in the right frontal bone on the blind side (Fig. 1B1) . As the eye migrated upward during metamorphic climax (Stage F, G), the asymmetrical signals of cell apoptosis in both frontal bones became more evident; i.e., the signal in the front bone on the blind side is evidently stronger than on the ocular side (Fig. 1B2-B3 ). TUNEL signals were not detected in the frontal bones when eye migration upward was stopped by colchicines (Fig. 1B4) . The cell apoptosis signal was further shown in the frontal bones judging from dorsal/ ventral section views (Fig. 1B5-B8 ). The marker gene of osteoblasts, Col10a1, was expressed in frontal bones (green fluorescent signal in Fig. 1C and C2 ). The red fluorescent signals represent cell apoptosis (Fig. 1C3) . The enlarged view of merged signals shows some signals overlapping (Fig. 1C4) , indicating apoptosis in some osteoblast cells of the frontal bones might cause the deformation of the frontal bones.
It is cell apoptosis and not cell autophagy that is involved in the deformation of frontal bones during metamorphosis in P. olivaceus. Expressions of MAP1-LC3B or becline-1, two marker genes of cell autophagy, were not detected in the frontal bones during metamorphosis ( Fig. 2A-B) . Signals of cell proliferation in the skin along the eye migration route and around both eyes were detected as reported in previous studies (Bao et al., 2011; Schreiber, 2013) . However, no signal was seen in the frontal bones during metamorphosis based on the whole mount dorsal view or dorsal/ventral section view (Fig. 2C) , confirming that cell proliferation was not involved in deformation of the frontal bones during metamorphosis. 
3.2.
Cell apoptosis in frontal bones is not directly induced by the thyroid hormone
Since metamorphosis is thought to be induced by thyroid hormones in flatfishes, we determined whether the thyroid hormone regulates deformation of the frontal bone directly or indirectly. Thyroid hormone T4 or T3 was distributed universally in metamorphic flounder (Fig. S3) . However, neither T4 nor T3 was distributed in the frontal bones during the entire metamorphosis process (Fig. 3A, B) , indicating it is impossible that cell apoptosis in the frontal bones was directly induced by the thyroid hormone. Moreover, gene expression of four known receptors of thyroid hormone in flounders was not detected in the frontal bones during metamorphosis (Fig. 3C, D,  E, F, Fig. S3) , further showing the cell apoptosis in the frontal bones is regulated by another signal pathway.
3.3.
Deformation of frontal bones is induced by the mechanic force from the contact of the up-migrating eye on the blind side Expression of FAK, RAS, RAF, and BMP-2, which link mechanical force, was studied to determine whether the deformation of frontal bones is induced by the mechanical force from contact with the up-migrating eye; they are all expressed in the frontal bones during the metamorphosis process. Moreover, asymmetrical expression of either FAK or BMP-2 in frontal bones corresponds to the signal distribution patterns of cell apoptosis (Fig. 4) . After the eye migrated upward, the expression of FAK and BMP-2 in the frontal bone on the blind side was stronger than on the ocular side (Fig. 4) . Once the upward migration of the eye was stopped by the colchicines injection, the frontal bones were kept in symmetry, and the expression of FAK and BMP-2 was blocked as well (Fig. 4) , suggesting that deformation of the frontal bones resulting from cell apoptosis depends on upward eye migration via sensing mechanical force.
Classical apoptosis pathway involved in the deformation process of frontal bones
Apoptosis is controlled by two distinct signaling pathways: one is regulated by the Bcl-2 family proteins, which involves mitochondrial release of cytochrome C, and the other is initiated by death receptors, which includes members of the TNF receptor family with an intracellular death domain. Bcl-2 family members consist of about 20 pro-and anti-apoptotic proteins, all of which contain Bcl-2 homology domains. The proapoptotic members include BAX, which plays important role on osteoblast apoptosis. We found BAX expression in the frontal bones during the metamorphosis process (Fig. 5A) . Moreover, Apaf1, the apoptosis adaptor of this signal transduction pathway, was also expressed in the frontal bones (Fig. 5B) . On the contrary, death receptors, including FASL and TNFR1, were not expressed (Fig. S4) . Both of the two apoptosis pathways activate a family of proteolytic enzymes called caspases that induce the morphological features of apoptosis by cleaving specific substrates. Both the initiator caspase-9 and executor caspase-3 were expressed in the frontal bones during metamorphosis (Fig. 5C , D and S5), which implies that BAX-Apaf1-Caspase9-Caspase3 might be the transduction pathways of cell apoptosis at work in frontal bones during metamorphosis. Furthermore, the expressions of those genes have not been detected in symmetric frontal bones of colchicines-injected juveniles (Fig. 5A4, B4 , C4 and D4), suggesting that this signaling pathway is dependent on eye migration in P. olivaceus.
Discussion
Craniofacial remodeling asymmetry during flatfish metamorphosis is perhaps the most striking example of asymmetric postembryonic development in the vertebrate world (Schreiber, 2013) . The asymmetry of the cranium is mainly a result of a distortion of the frontal bones during metamorphosis in flatfish (Kyle, 1921) , which is widely thought to be responsible for eye migration. Recently, by using microinjections of colchicines to block eye migration (Bao et al., 2011) , we demonstrated that the distortion of frontal bones is dependent on eye migration, as proposed by previous studies (Kyle, 1921; Saele et al., 2006b) . Saele et al. (2006b) hypothesized that when the migrating eye approaches the frontal process, the ossified elements are remodeled, possibly through the action of cell-to-cell signaling which initiates the final osteoclastic activity. The GH-IGF-I system was also proposed to participate in cranial remodeling during halibut metamorphosis (Hildahl et al., 2008) . However, how the migrating eye affects the distortion of the frontals during metamorphosis is still largely unclear. Herein, we show that the distortion of frontals is the result of cell apoptosis, which is induced by the mechanic force transferred from the up-migrating eye. Neither cell autophagy nor proliferation is involved in deformation of the frontal bones.
Induction of regulated osteoblast apoptosis is believed to play a key role in regulating bone-remodeling events in developing bone (Hock et al., 2001; Xing and Boyce, 2005) . Cell apoptosis was detected in both frontal bones, and a stronger cell apoptosis signal was shown in the frontal bone on the blind side than on the ocular side, indicating that cells in the frontal bone on the blind side might receive mechanical signals from eye migration to undergo apoptosis and finally distort the frontal bone. Expression of the marker gene for osteoblasts (Albertson et al., 2010) , Col10a1, was co-localized with cell apoptosis signals, providing further evidence that cells undergoing apoptosis mainly consist of osteoblasts in the frontal bones.
There is increasing evidence that mechanical signals regulate cell apoptosis (Egerbacher et al., 2008; Grinnell et al., 1999; Hsieh and Nguyen, 2005) . Physical forces act through specific receptor-like molecules such as integrins, focal adhesion proteins, and the cytoskeleton. These molecules in turn activate a limited number of protein kinase pathways (p38 MAPK and JNK/SAPK), which amplify the signal and activate enzymes (caspases) that promote apoptosis (Hsieh and Nguyen, 2005) . Genes, such as FAK, RAS, RAF, are expressed asymmetrically in frontal bones with a similar distribution pattern of cell apoptosis signals during metamorphosis, indicating that they might be involved in sensing mechanic force. Colchicines inhibit eye up-migration and the expression of FAK, RAS and RAF, which further shows that mechanic force induces gene up-regulation in frontal bones during normal metamorphosis. Apoptosis is largely controlled by caspases, which are activated by two major signaling routes: the extrinsic death receptor and the intrinsic mitochondrial pathway (Danial and Korsmeyer, 2004; Los et al., 1999) . The gene expression of death ligands (such as FASL or TNFR1) were not detected in frontal bones, indicating that the extrinsic death receptor is not involved in cell apoptosis. In contrast, expression of Bax, Apaf1, or caspase-9, key regulators of the mitochondrial pathway, in asymmetrical frontal bones was detected during metamorphosis, indicating that cell apoptosis of frontal bones is activated by the intrinsic mitochondrial pathway under FAK-mediation. Once eye migration was specifically inhibited by colchicines, genes associated with mechanical sensing and the cell apoptosis pathway were no longer expressed in any frontal bones, further showing that mechanic force exerted by the upwardmigrating eye induces cell apoptosis, which causes deformation of frontal bones during metamorphosis.
BMP-2 can promote osteoblast death by inducing the release of mitochondrial cytochrome c and caspase-9, -3, -6, and -7 expression through a protein kinase C-dependent signaling pathway (Hay et al., 2001) , and gene expression patterns of these proteins in frontal bones were similar to cell apoptosis during metamorphosis, indicating that BMP-2 is involved in regulating osteoblast apoptosis in frontal bones during metamorphosis. Furthermore, when eye up-migration was blocked by colchicine injection, BMP-2 was down-regulated, suggesting that mechanical stimulation can strengthen the BMP-2 signal pathways, and thereafter induce bone cells apoptosis in the frontal bones.
It is noteworthy that cell apoptosis in the frontal bones was not directly induced by thyroid hormones, as neither these hormones nor their receptors were expressed in frontal bones during the P. olivaceus metamorphosis. This is different from the role of thyroid hormones during amphibian metamorphosis, which mediates cell apoptosis directly during tail regression and intestinal remodeling (Ishizuya-Oka, 2011) . Moreover, the fact that thyroid hormones are not involved in directly regulating the distortion of frontal bones further supports our previous report that distortion of the frontal bones depends on eye migration during metamorphosis in flatfishes (Bao et al., 2011) .
Conclusions
Deformation of frontal bones is the result of cell apoptosis, which is induced by the mechanic force from the upmigrating eye. Our results offer further support to our previous observation that deformation of the frontal bones depends on eye migration (Bao et al., 2011) . These findings clarify that the relationship between eye migration and craniofacial remodeling asymmetry is important to understand the metamorphosis and evolution of flatfish.
